Density currents have been easily observed in environmental flows, for instance turbidity currents and pollutant plumes in the oceans and rivers. In this study, we explored the propagation dynamics of density currents using the FLOW-3D computational fluid dynamics code. The renormalization group (RNG)   scheme, a turbulence numerical technique, is employed in a Reynold-averaged Navier-Stokes framework (RANS). The numerical simulations focused on two different types of intrusive density flows: (1) propagating into a two-layer ambient fluid; (2) propagating into a linearly stratified fluid. In the study of intrusive density flows into a two-layer ambient fluid, intrusive speeds were compared with laboratory experiments and analytical solutions. The numerical model shows good quantitative agreement for predicting propagation speed of the density currents. We also numerically reproduced the effect of the ratio of current depth to the overall depth of fluid. The numerical model provided excellent agreement with the analytical values. It was also clearly demonstrated that RNG  scheme within RANS framework is able to accurately simulate the dynamics of density currents. Simulations intruding into a continuously stratified fluid with the various buoyancy frequencies are carried out. These simulations demonstrate that three different propagation patterns can be developed according to the value of    : (1) underflows developed with      ; (2) overflows developed when      ; (3) intrusive interflow occurred with the condition of       .
Introduction 1)
Density currents intruding into water bodies most often occur in nature. Oil plumes in the oceans and highly turbid water intrusions in a reservoir are good examples of density currents. The dynamics of density currents play an important role in introducing pollutants into the water bodies which can be formed continually or can be marked by a denser fluid layer beneath a less dense fluid layer resulting in the sharp interface of these two layers referred to as an ambient two-layered fluid system. Thus, an understanding of their dynamics and prediction of their propagation speeds are very crucial for managing water quality.
Many studies have investigated various aspects of constant-volume density currents (also known as "gravity currents" or "buoyancy-driven currents") using lock-exchange experiments, where a constant volume of dense fluid is released into a less dense ambient fluid. The difference in density can be generally created by adjusting the temperature or adding salt. In particular, some researchers have applied lock-exchange experiments to create turbidity currents by adding suspended particles. Density currents generally form due to a density difference between a lock fluid and ambient water.
In such a case, the density current will propagate along the bottom surface (Fig. 1) . The experiments of Keulegan (1957) proposed that initial velocity would be given by      ′ , where   is the propagation speed of a density current, ′ is the reduced gravity defined as ′         , and  is the total water depth in a tank ( Fig. 1) . If the density of the lock fluid is equal to the average of the densities of the two ambient fluids, which are a two-layered fluid system (Fig. 2 ), the density current will intrude along the interface between the upper and the lower fluid layers and is commonly referred to an Intrusive Density Current (hereafter called IDC). Benjamin (1968) developed the theory of a density current entering a homogeneous fluid with a perfect fluid theory without considering mixing between the fluids. Thus, when a density current intrudes into the interface of a two-layer fluid symmetrically, one half of current depth ′      and one half of total depth′   can be used to obtain the propagation speed of the density current.
If an ambient fluid is stably stratified, the density stratification is described by the profile    as shown in Fig. 3 .
Considering density currents propagating in a stratified ambient fluid, the density currents will oscillate in simple harmonic with angular frequency (Turner, 1979) defined with         referred to Brunt-Väisälä frequency or simply the buoyancy frequency. This study aims to explore the dynamics of density currents with both unstratified and stratified ambient fluids using the 3-D non-hydrostatic FLOW-3D CFD code (Flow-3D, 2007) . It is well known that hydrostatic simulation cannot reproduce the propagation speed and the formation of density currents (Fringer et al., 2006) For (VOF) technique (Hirt and Nichols 1981) .
Governing equations
The model 
Equation (1) where    mean velocity components (i.e., , , (2) A scalar equation can be used to compute advection, diffusion, and dispersion of scalars, defined as (RNG)    closure scheme (Yakhot et al., 1992) .
RNG    closure scheme successfully captured the dynamics of density currents and showed any considerable discrepancies between RNG    and LES closure schemes (An et al., 2012) .
Problem configuration and simulation cases
The comparison with the experimental measurements from Britter and Simpson (1981) and Bolster et al. (2008) was carried out and used for the validation of the numerical model, simulations performed under equal conditions to the laboratory experimental setup.
IDC into a two-layer fluid
In order to simulate IDC into a two-layer fluid, we arranged dimensions and initial conditions, which correspond to the experimental setup in Britter and Simpson (1981) as shown in Fig. 4 . Britter and Simpson (1981) showed that the propagation speed of a density current was sensitive to the ratio of current depth to the overall depth of fluid.
This study contains various simulation cases to confirm the effect of the ratio of current depth to overall fluid depth on propagation speed. A thinner or thicker intrusive density current was obtained by changing the initial fluid depth filled behind the lock gate. Table 1 shows the conditions for this simulation setup.
The computational domain and grids with the imposed boundary conditions are shown in Fig. 5 .
The grid size in the mesh block #1 was chosen to be 7.5 mm, 10 mm and 1.25 in the in the X, Y, and Z 
The maximum value of  is given when the    approaches zero. On the other hand, the value of  decreases with increasing the   . When the    is 0.5,  approaches    . The value of  ranges from    to    when the    increases from 0 to 0.5.
IDC into a stratified fluid
In this section, we consider intrusive density currents, propagating into a continuously stratified fluid, as frequently observed in nature (e.g., a reservoir, ocean, and river). The theoretical descriptions based on mass, momentum, and energy conservation were found in Cheong et al. (2006) and Bolster et al. (2008) . We compared the numerical simulations with theoretically predicted values and experimental measurements in Bolster et al. (2008) . Table 2 . Summary of the simulation setup for IDC into a stratified fluid cm forward from the right wall (Fig. 6 ).
The two different stratification gradients (  ,   ) are employed to evaluate the effect of the ambient water's stratification on the propagation speed of a density current as shown Fig. 7 .
When the lock gate is opened, the fluid of density beyond lock gate   will propagate along its level of neutral buoyancy   , where           . We selected a total of 6 simulation cases and defined the different simulation setups using the parameters  and   . Table 2 shows the initial conditions for all the simulations. The densities of density currents for each simulation case are developed using a concentration. The density stratification is determined to be    and   , respectively.
Results and discussion
In this section, the simulation results from the cases (case 1 through 6, shown in Table 1 Table 2 ) are summarized.
IDC into a two-layer fluid
One of our interests is to find the relationship between the propagation speed and the depth of a density current, because it is easier to set up a real-time field monitoring system for the measurements of the depth rather than velocity of density currents. Then, we can calculate the propagation speed of density currents approximately using an empirical equation. Keulegan (1957) described the motion of a density current with only the depth of density current and excess density between the current and ambient fluid. In this simulation, we demonstrated the effect of the ratio of current depth to the overall depth of fluid.
The ratio had the range from 0.045 to 0.3. The height of the interface of two fluid layers was chosen to be sharp. The range of a density current depth varied when adjusting the initial condition. The detailed simulation setup is shown in Table 2 . The dimensionless parameter, densimetric Froude number, is used to show the influence of the ratio of current depth and total water depth on the propagation speed of the density current. The densimetric Froude number of an intrusive density is given by
Equation (5) where ′ Britter and Simpson (1981) .
Especially, the numerical results are more similar to the analytical values suggested by Benjamin (1968) .
Decreasing Froude number with increasing the value of ′  ′ was observed in these simulations. 
Equation (6) We simulated density currents intruding into a continuously stratified fluid with the buoyancy frequency (  ,  ). The numerical simulations were conducted for density currents propagating into a continuously stratified fluid over the entire range,  ≦   ≦  ( Fig. 9) . In numerical simulations, we observed that the density current propagated slower when the current traveled at mid-depth, while maximum speed occurred when it traveled either at the top or bottom.
Conclusions
In this study, we explored the propagation dynamics of intrusive density currents using a three-dimensional, non-hydrostatic numerical model. 
